The hippocampus, like the rest of the cerebral cortex, is divided into cytoarchitectonic areas or fields (Nauta and Feirtag, 1986) . Both classic neuronal birth-dating and migration studies, and more recent studies of region-specific gene expression, indicate that the hippocampus is patterned into fields during neurogenesis (Caviness, 1973; Stanfield and Cowan, 1979; Nowakowski and Rakic, 1981; Rakic and Nowakowski, 1981; Tole et al., 1997; Tole and Grove, 1998) . However, little is known about the molecular mechanisms that initiate this patterning. It is therefore intriguing that the homeobox genes Emx1 and Emx2 are expressed in a nested pattern in the embryonic cortex, so that a medial strip of cortex is defined by expression of Emx2 but not Emx1 (Simeone et al., 1992a,b) . In the hindbrain, nested expression of HOX genes reflects a role in regulating rhombomere identity (Lumsden and Krumlauf, 1996) . Nested expression of Emx genes therefore suggests a function in specifying divisions in medial cortex in which the hippocampus develops. Supporting this hypothesis, in mice lacking functional Emx2 the hippocampus is shrunken and the dentate gyrus appears by cytoarchitecture to be missing (Pellegrini et al., 1996; Yoshida et al., 1997) . A possible explanation is that nested Emx gene expression is required to specify the neuroepithelium that generates the dentate gyrus. In the absence of Emx2, regional identity is not correctly specified and the dentate gyrus is lost (Pellegrini et al., 1996; Yoshida et al., 1997) .
Reports that specific mutations lead to morphological defects in the hippocampus (Xuan et al., 1995; Pellegrini et al., 1996; Porter et al., 1997; Yoshida et al., 1997 ) raise a need for molecular markers of different hippocampal fields. Analysis by cytoarchitecture alone may be misleading in that the cells that make up a particular field may be present in a mutant but reduced in number or abnormally organized so that the field cannot be detected histologically. This distinction is significant because the complete and selective loss of a field suggests that the mutated gene is needed to specify cells to a particular field identity. In contrast, reduction of the size of a field, particularly in the context of general cortical shrinkage or dysmorphology, suggests a different role for the gene in question, perhaps in hippocampal growth or assembly.
Using a panel of region-and field-specific hippocampal molecular markers, we reanalyzed the Emx2 mutant mouse line described by Pellegrini et al. (1996) . Because the hippocampus in the Emx2 mutant mouse is smaller than in wild-type mice (Pellegrini et al., 1996; Yoshida et al., 1997) , we asked not only whether dentate gyrus cells are missing, but whether additional fields are lost. We report that cells are specified to form all the major hippocampal fields, including a dentate field. Emx2 is thus not required to specify cells to a dentate field identity but is required for the formation of a morphological dentate gyrus. Further observations suggest a general requirement for Emx2 for the timely growth and maturation of the hippocampus and adjacent medial neocortex.
MATERIALS AND METHODS
Emx2 mutant mice were generated and genotyped as described previously (Pellegrini et al., 1996) . In brief, the Emx2 gene was mutated by homologous recombination to produce mutant C57BL /J6 mice carrying a null allele. The targeting construct used was a classical replacement vector designed so that the neomycin resistance gene replaced the second and part of the third helix of the Emx2 homeobox domain (for details, see Pellegrini et al., 1996) . Homozygous Emx2 mutant embryos (Emx2 Ϫ/Ϫ mice) and their littermates were recovered for gene expression analysis at embryonic day 14.5 (E14.5), E16.5, or E18.5. Additional wild-type mice were harvested at E10.5 and E12.5 to analyze expression of Emx1 and Emx2. Midday of the day of vaginal plug discovery was considered E0.5. Birth, for the mouse strains examined, occurs at approximately E19.5.
Brains were fixed and processed for two-color whole-mount in situ hybridization, or sectioned and processed for single-color in situ hybridization as described previously (Tole and Patterson, 1995; Grove et al., 1998) . Probes used for in situ hybridization were specific for Emx1, Emx2, class III ␤-tubulin, TTR, Wnt2b, Wnt3a, SCIP, K A1, NK3, Ephb1, Steel, and iGluR7 (Shigemoto et al., 1990; Simeone et al., 1992b; Tole et al., 1997; Grove et al., 1998; Tole and Grove, 1998; Lee et al., 2000) . Dividing cells in mouse embryos were labeled with 5-bromo-2Ј-deoxyuridine (BrdU) (100 mg / kg; Roche Diagnostics Corp., Indianapolis, I N) delivered intraperitoneally to pregnant mice 2-4 hr before they were killed. Nucleotide incorporation on tissue sections was detected with antibody M0744 (Dako, C arpinteria, CA), followed by diaminobenzidine peroxidase immunohistochemistry. For Nissl staining, embryo heads or brains were dehydrated and embedded in paraffin, and 10 m coronal sections were obtained with a rotary microtome. Sections were stained with cresyl violet.
A total of 29 Emx2 Ϫ/Ϫ mouse brains were analyzed at E14.5 (n ϭ 4), E16.5 (n ϭ 7), or E18.5 (n ϭ 18) and compared with equal numbers of wild-type or heterozygote mutant littermate mice. E18.5 is 1 d before birth and was selected as the primary age of analysis for several reasons.
First, Emx2
Ϫ/Ϫ mice lack kidneys and die within a few hours of birth (Pellegrini et al., 1996; Yoshida et al., 1997) . Thus, selecting E18.5 for analysis allows the hippocampus to develop as long as possible and gives the best opportunity of identif ying different hippocampal fields in the mutant. The major hippocampal fields are readily identifiable by either cytoarchitecture or molecular markers at E18.5. A morphological dentate gyrus is evident in wild-type mice by E16.5, and a range of molecular markers distinguish different hippocampal fields and subregions by E15.5 (C aviness, 1973; Stanfield and Cowan, 1979; Tole et al., 1997; Tole and Grove, 1998) . Finally, previous analyses of hippocampal morphology in
Emx2
Ϫ/Ϫ mice were made at E18.5-E19.5 (Pellegrini et al., 1996; Yoshida et al., 1997) . Thus, our observations could be compared directly with previous findings. Additional litters were harvested at younger ages to compare the overall development of the cerebral cortex in mutant and control mice. No differences were observed in cortical morphology or gene expression patterns between wild-type and heterozygote Emx2 mutant mice, which were therefore pooled as controls.
RESULTS
During the early period of corticogenesis, Emx2 is expressed in the ventricular zone (VZ) of the embryonic cerebral hemisphere (Simeone et al., 1992a,b; Gulisano et al., 1996) . The gross morphology of the Emx2 Ϫ/Ϫ brain is consistent with this pattern of Emx2 expression. The cerebral hemispheres of Emx2 Ϫ/Ϫ mice are reduced in size compared with wild-type mice (Pellegrini et al., 1996; Yoshida et al., 1997) , and these gross changes are apparent by E11.5 (Yoshida et al., 1997) .
In Nissl-stained sections, the medial part of the Emx2 Ϫ/Ϫ mutant cerebral cortex shows particularly marked defects (Pellegrini et al., 1996; Yoshida et al., 1997 ; Fig. 1 ). At E16.5, the hippocampal pyramidal layer appears shorter in the mutant than in wild-type mice (Fig. 1 , compare A, C, sections matched for rostrocaudal level). In wild-type mice at this age, both the embryonic dentate gyrus and the fimbria fornix are beginning to develop ( Fig. 1 A) , but in the Emx2 Ϫ/Ϫ mutant, no dentate gyrus can be seen and the fimbria fornix is barely detectable (Fig. 1C) . At E18.5, the size difference between the mutant and wild-type hippocampus is more striking (Fig. 1, clear in the wild-type hippocampus ( Fig. 1 B) but still cannot be distinguished in the mutant (Fig. 1 D) .
To analyze further the development of fields and subregions in the hippocampus in the Emx2 Ϫ/Ϫ mutant, we assembled a panel of molecular markers. These markers allow the hippocampal CA fields and the dentate gyrus to be identified and distinguished from one another in the embryonic mouse hippocampus beginning between E14.5 and E15.5 (Table 1) (Tole et al., 1997) . Some markers are permanently expressed in particular fields. For example, beginning at E14.5-E15.5 and continuing into adulthood, K A1 and SCIP are expressed in the pyramidal neurons of CA3 and CA1, respectively, and expression of Steel marks the granule cell layer of the dentate gyrus ( Fig. 2 A, Lee et al., 2000) . Other markers are transient, distinguishing hippocampal subregions only in the embryo and neonate (Table 1) . For example, at E18.5, the embryonic age selected for primary analysis of the Emx2 mutant, NK3 is expressed in a region that consists of parts of CA1 and CA3, Wnt5a and iGluR7 are expressed in the developing dentate gyrus, and the ephrin receptor Ephb1 is expressed in the dentate gyrus and a contiguous part of CA3 ( Fig. 2 B, D, J; Table 1) .
Region-and field-specific hippocampal markers were detected by in situ hybridization at E18.5 in each Emx2 Ϫ/Ϫ mutant brain examined (n ϭ 16), and expression of each marker appeared in the correct relative position, despite marking a much smaller territory than in control brains (Table 1 ; Fig. 2 E-H ). In particular, markers of the dentate pole of the hippocampus appeared. These included expression of Ephb1 (Fig. 2 H) , as well as specific markers of the dentate gyrus: Steel, iGluR7, and Wnt5a (Table 1 ; Fig. 2 K, L) . Thus, interdigitating expression of SCIP, NK3, K A1, Ephb1, Steel, iGluR7, and Wnt5a indicates that CA1, CA3, and dentate fields are developing in the Emx2 mutant but that each field is smaller than in control brains. Specification of cells for each hippocampal field, including the generation of a dentate gyrus cell population, therefore appears to be preserved in the mutant.
Despite the presence of a dentate gyrus cell population, the gyrus itself, a gross morphological structure, cannot be identified in the Emx2 mutant (Pellegrini et al., 1996; Yoshida et al., 1997) (Fig. 1) The dentate cells that are labeled with molecular markers in the E18.5 mutant appear in amorphous patches rather than forming a distinct gyrus as in control mice (Fig. 2) . Could this defect reflect a widespread dysmorphology in the Emx2 mutant cortex, or one that is specific to the dentate? To address this question, several features of general cortical development were compared between Emx2 mutants and wild-type mice at a range of ages.
Analysis of SCIP expression suggests a shared defect in the hippocampus and neocortex of the Emx2 Ϫ/Ϫ mutant. In wildtype mice, SCIP expression labels a subpopulation of postmitotic neurons in both hippocampus and neocortex (He et al., 1989; Frantz et al., 1994; Tole et al., 1997) . Initially, SCIP-expressing cells are arrayed in a diffuse, broad band as they leave the VZ and migrate toward the cortical plate (Frantz et al., 1994; Tole et al., 1997) . At E18.5, however, most SCIP-expressing cells have settled in the cortical plate, indicated by a dense band of SCIP labeling in both neocortex and hippocampus (Fig. 3C) . In contrast, in the Emx2 mutant cortex at E18.5, SCIP labeling is diffuse (Fig. 3F ) , resembling the pattern seen 2-3 d earlier in control brains (Fig. 3,  compare F, I ). This abnormal pattern of SCIP labeling could result from a misregulation of SCIP in the Emx2 Ϫ/Ϫ mutant. However, an alternative explanation is that cells express SCIP correctly in the Emx2 Ϫ/Ϫ mutant but that neuronal migration is disrupted or delayed, giving the pattern of SCIP expression an immature appearance.
Because cortical neurons take 2-3 d to migrate from the VZ to the cortical plate (Altman and Bayer, 1990c) , defects in the cortex at E18.5 could be attributable to abnormalities in corticogenesis occurring at least 2 d earlier. To identify cells that would generate the postmitotic cells labeled with our panel of markers at E18.5, we injected BrdU into pregnant mice at E14 or E16.5 and harvested the labeled embryos 2-4 hr later. This labeling protocol provides a snapshot of cells that were dividing just before tissue harvest.
The pattern of cell proliferation in the Emx2 mutant mouse, like the pattern of SCIP expression, appears disrupted and perhaps delayed. At E16.5, cortical neurogenesis is almost over in the mouse (Angevine, 1965) . In both the hippocampus and neocortex of control mice, a compact band of BrdU-labeled cells is all that remains of the VZ (Fig. 3 A, B) . In contrast, in Emx2 Ϫ/Ϫ mutants at E16.5, the BrdU-labeled VZ represents a large proportion of the total thickness of the embryonic cortex (Fig. 3 D, E) . Such a pattern of BrdU labeling in which the zone of dividing VZ cells is broad relative to the total thickness of the embryonic cortex is reminiscent of the pattern seen 2-3 d earlier in control mice (Fig.  3, compare D, E with G, H ) . The abnormally broad VZ at E16.5 could be generated in several ways, including a delay in cortical neurogenesis or a failure of cells to leave the cell cycle on schedule and migrate away from the VZ. Whatever the cause, the cortex again displays an immature appearance in the Emx2 mutant compared with littermate controls.
Neurons continue to be generated for the dentate gyrus into postnatal life, and late-born dentate cells are generated from secondary germinal zones rather than from the VZ (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; Altman and Bayer, 1990a,b) . In E16.5 control brains labeled with BrdU, many BrdU-positive cells appear along the subpial face of the hippocampus (Fig. 3A) in which a secondary dentate germinal population has been identified (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; Altman and Bayer, 1990a,b) . Only sparse BrdU-labeled cells are detectable in a corresponding location in the Emx2 mutant (Fig. 3D) , suggesting that this latedividing progenitor population is still small. The dentate cells identifiable at E18.5 in the mutant may therefore have been generated almost exclusively by primary progenitors in the VZ, partially explaining the small size of the dentate cell population.
These observations indicate that the dentate field of the hippocampus is specified in the Emx2 mutant mouse but suggest that its development may be retarded. Consistent with this interpretation, the appearance of another hippocampal field is also retarded in the mutant. At E14.5, embryonic CA3 is identifiable by K A1 expression in control brains (Fig. 3J ) . In contrast, CA3 cannot be detected by K A1 expression at E14.5 in the Emx2 mutant brain (Fig. 3M ), although this field is readily detected in the mutant at E18.5 (Fig. 2G) .
Slowed appearance of a CA3 field marker may reflect a general slowing of cortical neuronal differentiation in the Emx2 Ϫ/Ϫ mutant. The peak of such differentiation in the mouse occurs between E11 and E18 (Caviness, 1973; Caviness and Sidman, 1973) when postmitotic neurons migrate from the VZ to form an increasingly thick preplate-cortical plate. In control brains at E14.5, the forming preplate-cortical plate is indicated by dense expression of class III ␤-tubulin, a general neuronal marker (Fig.  3 K, L) . Beneath this dense band of labeling, numerous more dispersed neurons, presumably in the process of migrating away from the VZ, also express class III ␤-tubulin (Fig. 3L) . In Emx2 Ϫ/Ϫ mutant cortex at the same age, the class III ␤-tubulin-dense band is thinner (Fig. 3 N, O) , and there are fewer dispersed ␤-tubulin-expressing cells (Fig. 3O, arrows) . A diminished preplate-cortical plate characterizes a large medial region of the mutant cortex that includes both hippocampus and dorsal neocortex (Fig. 3, compare K, N ) .
These and previous observations (Pellegrini et al., 1996; Yoshida et al., 1997) suggest that Emx2 is directly required for the normal growth and maturation of the medial cortex. A formal possibility, however, is that the small size and immature appearance of the cerebral hemispheres and hippocampus in particular is part of a systemic effect of the Emx2 mutation that leads to general shrinkage and developmental delay. Arguing against this possibility, other brain regions, such as the brainstem, are not grossly smaller in size in Emx2 Ϫ/Ϫ mutants than in wild-type mice (Pellegrini et al., 1996; Yoshida et al., 1997) . To test this possibility further, we measured the body size of Emx2 Ϫ/Ϫ embryos and littermate controls and compared their general morphological development using the staging system of Theiler (1989) . No size differences were found between Emx2 Ϫ/Ϫ mutant bodies and heterozygotes or wild-type embryos; furthermore, mutant and control embryos were indistinguishable with respect to stage-specific external features described by Theiler (1989) , such as digit and skin development.
Findings of the present study suggest that the Emx2 mutation disrupts medial cortical development, but that the dentate gyrus is not selectively affected. Perhaps, however, early nested expression of Emx genes defines a cortical region other than the developing dentate gyrus, and it is this structure that is selectively affected when nested Emx1/2 expression is lost. To address this possibility, we characterized the region of medial cortex that expresses Emx2 but not Emx1 at E10.5-E12.5, early in the period of cortical neurogenesis. At E12.5, the medial edge of the cerebral hemisphere has begun to differentiate into choroid plexus epithelium (CPe), which is marked by strong transthyretin (TTR) expression from the earliest stages of its development (Thomas and Dziadek, 1993) . The CPe therefore serves as an easily identifiable medial landmark with which the borders of Emx1 and Emx2 expression can be compared. Two-color Emx1-TTR in situ hybridization at E12.5 reveals a band of Emx1-poor neuroepithelium dorsal and caudal to the CPe (Fig. 4 A) . Emx2 is expressed in this Emx1-poor band, but not in the CPe or in junctional epithelium at the border of the CPe (Fig. 4 D) . The outline of the Emx1-poor band (Fig. 4 A) strongly resembles that of the cortical hem, an embryonic structure that expresses multiple Wnt genes Figure 3 . Disruptions of medial cortical development in the Emx2 mutant. ( Grove et al., 1998) . Two-color Emx1-Wnt2b in situ hybridization confirms that this band is filled by Wnt2b expression and is therefore the Wnt-expressing cortical hem (Fig. 4 B, C, E, F ). At E10.5, expression of Emx1 and Emx2 in the dorsal telencephalon appears similarly nested, with Emx2 expression more extensive than Emx1 (Simeone et al., 1992b) . Expression of Wnt3a, which marks the incipient cortical hem at this age, fills in the Emx2-positive/Emx1-negative zone (data not shown). At early stages of cortical neurogenesis, therefore, the region of dorsomedial cortical neuroepithelium that expresses Emx2 but not Emx1 is the cortical hem (Fig. 5) . The cortical hem has not been fate mapped; thus, the cell types it generates have not been definitively identified. However, the cortical hem does not include regions of neuroepithelium described previously as generating hippocampal neurons (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; Altman and Bayer, 1990a,b,c) . Most relevant, the identified primary and secondary dentate neuroepithelia (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; Altman and Bayer, 1990a,b) lie outside the cortical hem . Thus, the lack of a selective effect on a particular subfield of the hippocampus in the Emx2 mutant may be consistent with the normal early patterns of expression of Emx1 and Emx2.
A-O, Coronal sections through the hippocampus of control (A-C, G-I, J-L) or Emx2 mutant mice (D-F, M-O). B, E, H, L, and
The cortical hem may, however, regulate the development of adjacent structures by secreting Wnt and Bmp proteins (Furuta et al., 1997; Grove et al., 1998) . In particular, even if the cortical hem does not contribute neurons directly to the hippocampus, a Wnt3a signal from the hem is required for normal hippocampal development (Lee et al., 2000) . If nested expression of Emx genes plays a role in cortical regional specification, the cortical hem might be selectively lost in the Emx2 Ϫ/Ϫ mutant mouse, and this, in turn, could lead to a smaller hippocampus. Expression of Wnt2b, Wnt3a, and Wnt5a shows, however, that the cortical hem is present in the mutant (Yoshida et al., 1997 ; data not shown). The hem region appears expanded early in development (Yoshida et al., 1997) but slightly shrunken at later embryonic ages (data not shown), consistent with the overall reduction of the Emx2 Ϫ/Ϫ cortical mantle. Previous studies suggest that the cortical hem generates CPe cells and glial cells of the fimbria fornix (Maruyama and D'Agostino, 1967; Sturrock, 1979; Zaki, 1981; Altman and Bayer, 1990b; MacKenzie et al., 1991; Nicholson-Flynn et al., 1996) . Consistent with such an origin for the CPe, the Emx2 mutant has an abnormally small CPe (Pellegrini et al., 1996; Yoshida et al., 1997 ; data not shown). The fimbria fornix is also shrunken in the Emx2 mutant (Pellegrini et al., 1996; Yoshida et al., 1997) , although this is an expected secondary effect of a reduced hippocampus. Thus, the cortical hem and its likely derivatives are present in the Emx2 mutant.
DISCUSSION
Cytoarchitectural analysis of the Emx2 mutant shows a dramatic loss of the hippocampal dentate gyrus and a shrinkage of the Figure 5 . Summary of gene expression patterns with respect to the cortical hem. Schematic coronal sections through an E12.5 cerebral hemisphere at midrostral ( A) and caudal ( B) levels. At E12.5, the ventricular zone of the embryonic cerebral cortex expresses Emx2. The territories of Emx1, Wnt2b, Wnt3a, and Wnt5a expression are nested within the region of Emx2 expression. Wnt2b, Wnt3a, and Wnt5a are expressed in the cortical hem only; expression of Emx1 fills most of the cortical neuroepithelium, but not the cortical hem. Expression of at least two other transcription factors, BF-1 and Lhx2, resembles that of Emx1 in avoiding the cortical hem. Selectively low expression of these genes may in part reflect the fate of the cortical hem to shrink with respect to the rest of the cortical neuroepithelium (see Discussion). cpe, Choroid plexus epithelium; hem, cortical hem; je, junctional epithelium adjacent to the differentiating cpe. A, B, D, E12 .5 cerebral hemispheres from wild-type mice, processed as whole mounts for twocolor in situ hybridization, viewed from the medial side. Rostral is to the left. E, A higher magnification view of one such hemisphere. C, F, Coronal sections through a hemisphere at the rostrocaudal levels marked in B. A, D, The choroid plexus epithelium (cpe) is marked by expression of TTR (brown). Emx1 expression (blue in A) avoids a band of cortical neuroepithelium curving dorsal and caudal to the cpe (arrows) and a rostral telencephalic region (asterisk). Emx2 (blue in D) is expressed in both of these Emx1-poor regions. Emx2 is not expressed in the cpe or in a narrow strip of junctional epithelium (white in D) adjacent to the cpe ( D) . B, C, E, F, Wnt2b expression (brown) fills the curving band of cortical neuroepithelium that is Emx1-poor (B, C, E, F ) and defines the cortical hem. At the boundary of the cortical hem, Wnt2b and Emx1 expression may overlap by one or two cell widths, best seen at higher magnification ( E). The rostral telencephalic region that is also Emx1-negative (asterisks in A and D) is not part of the cortical hem. Scale bar: A, B, D, 500 m; E, 65 m; C, F, 170 m.
entire hippocampus (Pellegrini et al., 1996; Yoshida et al., 1997) . Because nested Emx gene expression defines the most medial portion of the embryonic cerebral cortex, a plausible hypothesis is that nested Emx1/2 expression is important for specifying the region that gives rise to part of the hippocampus, prominently including the dentate gyrus. Thus, in the Emx2 mutant, dentate cells, and perhaps cells for other hippocampal fields, are never specified. Our observations indicate, however, that although each field is smaller in the Emx2 mutant, populations of cells are specified for each field, including the dentate. These populations develop in the correct positions relative to one another. Additional observations identify the region of dorsomedial cortical neuroepithelium that is defined by nested Emx1/2 expression as the Wnt-rich cortical hem. Wnt gene expression indicates that this structure too is present in the Emx2 mutant. Thus, neither the nested expression of Emx1/2 nor Emx2 itself are absolutely required to specify cells to different regional identities at the medial edge of the cerebral cortex.
Although each of the major medial regions is present in the Emx2 mutant, each region appears abnormally small (Pellegrini et al., 1996; Yoshida et al., 1997; present study) . For the hippocampus, this defect could result in part from reduction of growth signals from a slightly shrunken cortical hem. However, the sector of medial cortex that is reduced in the Emx2 mutant is larger than the hippocampus alone (Pellegrini et al., 1996; Yoshida et al., 1997; present study) , suggesting that the hippocampal defect is part of a more widespread effect of the Emx2 mutation. The disproportionate reduction of medial compared with lateral cortex (Pellegrini et al., 1996; Yoshida et al., 1997 ; present study) may reflect the normal gradient of Emx2 protein, which shows a caudomedial maximum in the embryonic cortex and a rostrolateral minimum (Mallamaci et al., 1998) .
The cellular mechanisms that underlie the decreased size of the Emx2 mutant medial cortex, and of the cerebral hemispheres in general, are unclear. A simple explanation might be that Emx2 regulates cortical neuron proliferation and that, in the absence of Emx2, proliferation is reduced. For comparison, smaller cerebral hemispheres are also seen in mice with targeted disruption of the winged helix transcription factor, BF-1. In these mice, cerebral hypoplasia results from reduced cell proliferation, together with a precocious neuronal differentiation that depletes the cerebral precursor pool (Xuan et al., 1995) . Thus, BF-1 mutant embryos have a thinner cerebral VZ than wild-type littermates and a thicker layer of differentiating neurons (Xuan et al., 1995) . In contrast, Emx2 mutant embryos have an abnormally thick VZ in the medial embryonic cortex, at least at late stages of corticogenesis, and a thinner, less developed cortical plate.
An alternative explanation, supported by our findings, might be that the Emx2 mutation disrupts the timely maturation of the medial cortex rather than causing a frank decrease in cell proliferation. Such a disruption could reduce the size of the Emx2 mutant cerebral hemispheres and could also have more specific consequences. One example might be the loss of a morphological dentate gyrus in the Emx2 mutant. Although dentate gyrus neurons begin to be generated by VZ cells as early as are CA field neurons, major development of the dentate gyrus occurs in late embryonic and early postnatal life (Angevine, 1965; Caviness, 1973; Stanfield and Cowan, 1979; Altman and Bayer, 1990a,b) . Thus, whereas neurogenesis in the mouse CA fields is almost over by E16, neurogenesis in the dentate gyrus increases sharply between E16 and E18 (Caviness, 1973) . Because Emx2 mutant mice die at birth, any disruption of the normal schedule of hippocampal development would have a particular impact on the dentate gyrus.
By proliferating and differentiating on an abnormal schedule, cells in the Emx2 mutant cortex might also miss interacting with a variety of cellular and molecular cues that direct specific aspects of their further development. For example, the laminar identity of cortical neurons depends on precisely timed cues within the cortical VZ (McConnell, 1995) , and region-specific aspects of cortical development, such as the formation of somatosensory barrel fields, require cues provided by subcortical innervation (O'Leary et al., 1994) . If such cues are missed, several specific features of later cortical development could be affected. Whether such effects occur in the Emx2 mutant mouse remains to be determined.
A role for Emx proteins in regulating cortical maturation might also explain the nested expression of Emx genes at the cortical hem. In keeping with a time-limited functional role, the cortical hem region shrinks as the rest of the embryonic cortex expands (Maruyama and D'Agostino, 1967; Zaki and Van der Loos, 1980; Furuta et al., 1997) . The selectively low expression in the cortical hem of Emx1 and other genes implicated in tissue growth, such as BF-1 (Xuan et al., 1995) and Lhx2 (Porter et al., 1997) (Fig. 5) , could reflect the fate of the cortical hem to shrink with respect to the rest of the cortical mantle. If Emx1 and Emx2 play similar roles, both may be needed to support the normal time course of cortical development, whereas Emx2 alone may be sufficient for the relatively slower growth of the cortical hem.
A final explanation for the reduced size of hippocampal fields in the Emx2 mutant could be that the mutation disrupts the regionalization of medial cortex in a different way from that examined in the present study. Recent evidence indicates that the Emx2 mutation affects neocortical regionalization along the rostrocaudal axis, resulting in an expansion of rostral neocortical areas and a reduction of caudal areas (Bishop et al., 1999) . That field boundaries might be shifted in the Emx2 mutant hippocampus, reducing the size of each field, is therefore an intriguing possibility. Because cells are successfully specified to different hippocampal field identities in the Emx2 mutant, this interpretation would dissociate hippocampal patterning into at least two processes; the mechanisms that specify cells to develop particular field identities are not the same as those that specify the overall size of each field. Emx2 is evidently not required for the first process but might be required for the second. However, determining if fields are differentially reduced in the Emx2 mutant according to their position in the hippocampus is difficult given their tiny size. More information may be gained from functional experiments in which Emx proteins are overexpressed in the hippocampus to determine whether these manipulations shift the boundaries of hippocampal fields or alter more general processes of hippocampal growth and maturation.
